Objective: To assess the effect of weight loss on the plasma lipid and remnant-like lipoprotein cholesterol (RLPc) response to a high-fat or a high-carbohydrate meal in a population of obese women. Design: Nutritional intervention study. Subjects: Sixteen obese women (mean body mass index (BMI): 37.675 kg/m 2 ). Methods: Subjects were asked to follow an energy-restricted diet (800 kcal/day) for 7 weeks, followed by a 1-week maintenance diet. Before and after weight loss, each participant was given (in random order) two iso-energetic meals containing either 80% fat and 20% protein (the high-fat meal) or 80% carbohydrate and 20% protein (the high-carbohydrate meal). Blood samples were collected over the following 10-h period. A two-way analysis of variance with repeated measures was used to assess the effect of the meal and postprandial time on biological variables and postprandial responses (notably RLPc levels). Results: Weight loss was associated with a significant decrease in fasting triglyceride (P ¼ 0.0102), cholesterol (Po0.0001), lowdensity lipoprotein cholesterol (P ¼ 0.0003), high-density lipoprotein-cholesterol (P ¼ 0.0009) and RLPc (P ¼ 0.0015) levels. The triglyceride response to the high-fat meal was less intense after weight reduction than before (interaction Po0.002). This effect persisted after adjustment on baseline triglyceride levels. The triglyceride response to the high-carbohydrate meal was biphasic (i.e. with two peaks, 1 and 6 h after carbohydrate intake). After adjustment on baseline values, weight reduction was associated with a trend towards a reduction in the magnitude of the second triglyceride peak (interaction Po0.054). In contrast, there was no difference in postprandial RLPc responses before and after weight loss, again after adjustment on baseline levels. Conclusion: Our data suggest that weight loss preferentially affects postprandial triglyceride metabolism.
Introduction
Obesity is a metabolic disorder that is associated with systemic abnormalities such as hypertension, insulin resistance and dyslipidemia. High triglycerides, low-high density lipoprotein (HDL) and (to a lesser extent) increased lowdensity lipoprotein (LDL)-cholesterol levels are the most common lipid disorders associated with obesity (Denke et al., 1993) . Weight loss is accompanied by a reduction in total cholesterol, LDL-cholesterol and triglyceride levels (Dattilo and Kris-Etherton, 1992; Noakes et al., 2005) . The magnitude of this response depends on the type of dietary or pharmacological intervention, its duration and the underlying metabolic disorders (such as diabetes or dyslipidemia).
Postprandial lipidemia (the physiological state that follows the ingestion of fat) is characterized by the presence of triglyceride-rich lipoprotein (TRL) in the vascular bed. In clinical investigations, the physiological lipoprotein response to a high-fat meal varies from one individual to another; part of this variability is explained by differences in the subjects' age, gender, level of physical activity and background metabolic state. Several studies have reported increased postprandial lipid responses in patients with coronary heart disease, suggesting a possible contribution of postprandial lipoproteins to cardiovascular risk (Nakamura et al., 1995; Weintraub et al., 1996; Cohn, 1998; Karpe et al., 1999; Patsch et al., 2000) . Obesity is associated with an elevated postprandial triglyceride response to high-fat meals (Lewis et al., 1990; Ryu et al., 1992; Wideman et al., 1996; Couillard et al., 1998; Vansant et al., 1999; Dallongeville et al., 2002) , suggesting that postprandial hyperlipidemia may contribute to the higher cardiovascular risk seen in obese subjects. Furthermore, increased postprandial triglyceride levels have been reported after a high-carbohydrate meal in obese subjects, indicating that carbohydrate-induced postprandial lipidemia is altered in such cases (Dallongeville et al., 2002) .
Studies on the effect of weight reduction on postprandial lipid metabolism in obese subjects are scarce (James et al., 2003; Sharman et al., 2004; Volek et al., 2004) . The impact of weight reduction on the postprandial remnant response to a fat load has not yet been assessed. Lastly, to the best of our knowledge, the effect of weight loss on carbohydrateinduced postprandial lipidemia in obese subjects has not been described. The goal of the present study was therefore to assess the postprandial lipid response to high-fat and high-carbohydrate meals in obese women before and after dietary-induced weight loss.
Methods

Subjects
Sixteen obese women were recruited from Lille University Medical Center's out-patient obesity clinic. They completed a questionnaire about their general health status, eating/ drinking/exercise habits, weight history and weight concerns. The inclusion criteria were obesity (Body Mass Index (BMI)430 kg/m 2 ) and stable weight (body weight change of o 2 kg over the previous 3 months). Smoking, diabetes, hyperlipidemia or use of medication (except oral contraceptives) were chosen as exclusion criteria. The Lille University Medical Center's Investigation Review Board approved the protocol according to France's current regulations.
Weight loss protocol
Before diet initiation, subjects met a registered dietitian and were given appropriate instructions. Before and after the weight loss intervention, the dietitian gave instructions on achieving a weight stabilization diet (50% carbohydrate, 35% fat, 15% protein) corresponding to 1.5 times the basal metabolic rate. Weight loss was achieved with a 7-week, energy-restricted diet that provided a total of 800 kcal/day (50% as protein, 30% as fat and 20% as carbohydrate). Lowcarbohydrate bars and shakes (Insudiet, Champtoceaux, France) were provided to all subjects. Subjects met the dietitian twice during the diet period itself, to discuss progress and any problems. Participants were weighed weekly in the investigating center.
The postprandial experiment
The experiment used a comparative, repeated-measure design, in which each subject served as her own control. Two subsets of experimental conditions (namely a high-carbohydrate test meal and a high-fat test meal) were performed both before and after weight loss. The two test meals were presented in random order with an interval of 48 h between experimental sessions. On the day before each test meal, the subject was asked to abstain from physical exercise and alcohol consumption and to eat her last meal before 2000 h. On test days, the subjects arrived in the investigating center at 0730 after an overnight fast (i.e. at least 12 h). Subjects were weighed after voiding their bladder. A catheter was inserted into an antecubital arm vein. At 0800, a blood sample was taken. The subject was then presented with the test meal and instructed to consume it fully within 20 min at most. Next, the subject gave blood samples every hour for 4 h and then every 2 h up to 10 h. During this time, the subject was allowed to read or watch television.
Test meals
The two test meals were composed of either cream or fat-free cottage cheese (either vanilla-or coffee-flavored, according to the subject's preference). The energetic value of the two test meals was identical (3.4 MJ). Furthermore, the test meals had the appearance of milk shakes and were prepared so that volume, aspect and taste were identical. The macronutrient composition was as follows: (i) high-fat test meal: 79% fat, 3% carbohydrate, 18% protein; (ii) high-carbohydrate test meal: 1% fat, 81% carbohydrate,18% protein.
Biochemical measurements
Blood was collected in ethylenediaminetetraacetic acid tubes. Plasma was separated by centrifugation 3300 g for 20 min at 41C. Cholesterol and triglycerides were measured using Boehringer Mannheim reagents (product refs. 1.040.1839 and 1.058.550, respectively; Boehringer Mannheim, Mannheim, Germany). HDL-cholesterol was measured after precipitation with Mg 2 þ -phosphotungstate using commercially available reagents (Cholesterol HDL, CHOD/ PAP; Boehringer Mannheim, Mannheim, Germany). Plasma RLPc was measured by use of an immunoseparation technique described by Campos et al (Campos et al., 1992) . Briefly, 5 ml of serum was added to 300 ml of mixed immunoaffinity gel suspension containing monoclonal anti-human apoA1 (H-12) and anti-human apoB100 (JI-H) antibodies (Japan Immunoresearch Laboratories, Takasaki, Japan). The reaction mixture was gently shaken for 120 min at room temperature. After the supernatant had been left to stand for 15 min, 200 ml was withdrawn for the RLPc assay. Cholesterol in the RLP fraction was measured using an enzymatic assay (coefficient of variation o3%) on a Cobas Mira S automated analyzer (ABX Diagnostics, Montpellier, France). The triglyceride and RLPc responses and peak values were measured as an increment from baseline. Glucose was determined enzymatically (using a glucose hexokinase method, Randox Laboratories Ltd, Crumlin, UK). Insulin was measured by radioimmunoassay (Bi-Insulin RIA, ERIA, Diagnostics Pasteur, Marnes La Coquette, France).
Statistical analysis
The subjects' mean baseline characteristics were compared using a paired Student's t-test. The postprandial area under the curve (AUC) was calculated using the triangulation method. Baseline biological variables, postprandial AUC and peak values and times were compared with a two-way analysis of variance (ANOVA) with repeated measures on two factors, namely 'test meal composition' (two levels: high-fat or high-carbohydrate) and 'weight loss' (two levels: before or after), together with a between-factors interaction term. The effects of weight loss on postprandial lipid levels after highcarbohydrate and high-fat meals were assessed separately. To this end, we performed two-way ANOVAs with repeated measures on both factors ('weight loss' (two levels: before or after) and 'postprandial interval' (time: 0, 1-10 h)) and a between-factors interaction term. The lipid response was measured as an increment from baseline and was calculated at each time point as V x ÀV baseline , where V x and V baseline are the values of the variable at time x and at baseline, respectively; x varied between 1 and 10 h. Pearson's correlation analysis was used to assess the relationship between body weight changes and the postprandial response. The level of statistical significance was set to 5% for main effects and 10% for interaction terms.
Results
Baseline characteristics
The subjects' baseline biological and clinical characteristics before and after weight loss are shown in Baseline biological values were compared using a two-way ANOVA with repeated measures, with 'meal' (two levels: high-fat or high-carbohydrate) and 'diet' (two levels: before and after weight loss) as independent variables ( Table 2) . As expected, there was no statistical evidence for a test meal effect on fasting plasma triglyceride, cholesterol, LDLcholesterol, HDL-cholesterol and RLPC levels and the LDL-/ HDL-cholesterol ratio. In contrast, there was a significant main effect of weight loss on baseline triglyceride (P ¼ 0.0102), cholesterol (Po0.0001), LDL-cholesterol (P ¼ 0.0003), HDL-cholesterol (P ¼ 0.0009) and RLPc (P ¼ 0.0015) levels. In contrast, we did not observe a statistically significant effect of weight loss on the LDL/ HDL-cholesterol ratio.
Effect of weight loss on postprandial cholesterol, HDL-cholesterol, triglyceride and RLPc levels after the high-fat and highcarbohydrate test meals Before weight loss and after the high-fat meal, cholesterol decreased progressively and moderately up to 10 h Figure 1 Effect of weight loss on plasma lipid and lipoprotein levels after high-fat and high-carbohydrate meals. Two-way ANOVAs with repeated measures were applied. 'Time' and 'WL' correspond to the main effects of postprandial time and weight loss, respectively. 'Inter' corresponds to the between-factor interaction term.
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Po0.0001) and RLPc (main effect 'time': Po0.0001) levels reached a peak 6 h postprandially and then decreased progressively. Mean postprandial triglyceride (main effect of 'WL': Po0.0002) and RLPC ('WL': Po0.0001) levels were significantly lower after weight reduction. After adjustment on baseline values (Figure 2 ), the interaction term ('time Â WL') was statistically significant for triglyceride levels (Po0.002) but not for RLPc levels. After the carbohydrate test meal, cholesterol (main effect of 'time': Po0.0001) and HDL-cholesterol ('time': Po0.0001) levels first decreased progressively and moderately and then rose again progressively (Figure 1) . Weight loss was associated with a significant reduction in postprandial cholesterol (main effect of 'WL': Po0.0001) and HDL-cholesterol ('WL': Po0.002) levels at all time points. Triglyceride (main effect of 'time': Po0.004) and RLPc ('time': Po0.0001) levels were biphasic, with an initial peak 1 h after the meal and then a second 6 h postprandially. Weight reduction was associated with a significant reduction in postprandial triglyceride (main effect of 'WL': Po0.0003) and RLPc ('WL': Po0.002) levels. After adjustment on baseline values (Figure 2 ), the interaction term ('time Â WL') remained 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Figure 2 Effect of weight loss on plasma triglyceride and RLPc increments after high-fat and high-carbohydrate meals. Two-way ANOVAs with repeated measures were applied. 'Time' and 'WL' correspond to the main effects of postprandial time and weight loss, respectively. 'Inter' corresponds to the between-factor interaction term. borderline significant for triglyceride levels (Po0.055) but not for RLPc levels.
Area under the curve
The mean value of the AUC and the peak magnitude and peak time for triglycerides and RLPc are presented in Table 3 . The high-carbohydrate meal was associated with significantly lower triglyceride and RLPc levels than the high-fat meal. In contrast, there was no evidence for any statistically significant effects of weight loss on any of these parameters.
Correlation analyses
Body mass index reduction was significantly correlated with a postprandial reduction in the insulin AUC (r ¼ 0.50; P ¼ 0.045). In contrast, there was no evidence for any statistically significant relationships between BMI reduction on the one hand and postprandial triglyceride, RLPc and glucose AUC changes after weight loss on the other. Baseline triglycerides were correlated with triglyceride AUC (r ¼ 0.59; P ¼ 0.0004), triglyceride peak (r ¼ 0.86; Po0.0001), RLPc AUC (r ¼ 0.52; P ¼ 0.003) and RLPc peak (r ¼ 0.79; Po0.0001). In contrast, there was no correlation between plasma insulin and glucose AUC or peak values on the one hand and triglyceride responses on the other.
Discussion
The goal of the present study was to assess the effect of weight loss on postprandial triglyceride and RLPc responses to high-fat and high-carbohydrate meals in a population of obese women. Our results showed that a 10% weight loss is associated with a reduction in postprandial levels of cholesterol, HDL-cholesterol, triglycerides and RLPc after both high-fat and high-carbohydrate test meals, which may affect favorably the cardiovascular risk. After adjustment on baseline values, postprandial triglyceride changes (but not RLPc changes) remained significantly lower after the high-fat and high-carbohydrate test meal. These data suggest that weight loss preferentially affects the postprandial triglyceride response in obese women. Weight loss was associated with reduced postprandial triglyceride levels and changes after the high-fat meal. This observation suggests that weight loss improves postprandial triglyceride response more than by merely reducing baseline levels. Earlier studies on the effect of weight reduction on postprandial lipidemia in obese and overweight subjects have given rise to conflicting reports. James et al. observed no change in postprandial triglyceride metabolism following weight loss in obese men (James et al., 2003) . In contrast, Volek et al. reported decreased postprandial triglyceride levels after a very low-carbohydrate diet for 4 weeks in moderately overweight women . In response to a high-fat test meal, Sharman et al. found significantly lower postprandial triglyceride levels after a very low-carbohydrate diet (compared with a low-fat diet) in overweight men . The results of the present study extend these observations to obese women. Several factors may explain these results. One possibility could be that weight loss lowers the numbers of lipoprotein particles of hepatic origin that compete with chylomicrons for lipolysis (Brunzell et al., 1973) , resulting in improved postprandial triglyceride metabolism. Another hypothesis may be that weight reduction improves insulin sensitivity (as suggested by the correlation between BMI reduction and postprandial insulin changes), which in turn stimulates lipoprotein lipase activity and thus triglyceride clearance. Taken as a whole, these data suggest that fat-induced postprandial triglyceride clearance is improved by weight loss.
After the high-carbohydrate meal, the postprandial triglyceride response was characterized by two distinct phases. Weight reduction was associated with a lowering of the second peak. Earlier studies have reported that postprandial lipidemia is constituted of one, two or more triglyceride peaks (Olefsky et al., 1976; Cohn et al., 1988 Cohn et al., , 1989 Griffiths et al., 1994) . Further studies have shown that the first peak results from the mobilization (via oro-sensory stimuli or glucose ingestion) of enterocyte fat stores from the previous meal (Mattes, 2002; Robertson et al., 2003) . This finding of the present study is consistent with our previous observation comparing lean and massively obese women (Dallongeville et al., 2002) . One possible explanation may be that the early peak (which is related to mobilization of fat from the jejunum (Robertson et al., 2003) is fairly independent of obesity status. The mechanism by which the second postprandial peak of hepatic origin (Cohn et al., 1989 ) is lowered may be related to insulin resistance changes after weight loss. Previous studies have shown that insulin resistance is associated with elevated fatty acid release by adipose tissue, increased VLDL-triglyceride secretion in the hepatocytes and decreased adipose tissue lipoprotein lipase activity (Durrington et al., 1982; Coppack et al., 1992; Eckel et al., 1995) . Hence, the improvement in postprandial insulin sensitivity, which comes with weight loss, could explain the lower triglyceride response (second peak) observed in the present study.
RLPc measurement was used as a reliable and sensitive marker of remnant-like lipoproteins (Leary et al., 1998; Marcoux et al., 1998; Tanaka et al., 1998) . After weight loss, the RLPc concentrations were lower after both the high-fat and high-carbohydrate test meals. However, the response after weight reduction did not differ from the pre-diet values, suggesting that weight loss does not affect postprandial TRL remnant production or clearance in obese women. This observation is in agreement with earlier studies that had failed to show significant differences in chylomicron remnants when comparing obese and lean subjects (Lewis et al., 1990; Wideman et al., 1996) . Our results suggest that a 10% reduction in body weight (as obtained in the present study) is not sufficient to improve RLPc clearance after a high-fat or a high-carbohydrate meal.
It is important to emphasize that the present study had several limitations. Firstly, it was performed in obese women, and so the findings may not apply to men and women who are merely overweight. Furthermore, after weight reduction all women were still obese. Therefore, additional changes in postprandial response may be expected with further reduction in body weight. Secondly, the participating women were selected for normal plasma lipid levels and glycemia; hence, the results in terms of lipid metabolism reflect the effect of weight changes independently of metabolic disorders. More specifically, the results and conclusions could be different if obese women would be dyslipidemic or diabetic. Thirdly, rapid, short-term weight loss was obtained with a very lowenergy low-carbohydrate diet. Low-carbohydrate diets have been more effective for management of triglycerides and HDL-cholesterol. However, a recent study has suggested that both low and high carbohydrate affect lipid profile depending on weight loss and dietary adherence (Dansinger et al., 2005) . Hence, further studies are necessary to assess whether or not other types of diet (or indeed pharmacological agents) would yield similar results on postprandial lipids. Finally, in the present study, we did not control for abdominal obesity, despite evidence that body fat distribution can explain the postprandial lipid response (Ryu et al., 1994; Wideman et al., 1996; Couillard et al., 1998; Mekki et al., 1999; Mamo et al., 2001) .
In summary, weight loss is associated with a clear drop in postprandial triglyceride, cholesterol, LDL-cholesterol, HDL-cholesterol and RLPc levels in obese women, which may reduce their overall cardiovascular risk. Part of these effects were accounted for by a decrease in baseline lipid levels after weight reduction. However, after adjustment on baseline values, triglyceride levels were lowered even further, suggesting that weight loss has an additional impact on triglyceride metabolism.
